Abstract Detergents are amphiphilic molecules widely used to solubilize biological membranes and/or extract their components. Nevertheless, because of the complex composition of biomembranes, their solubilization by detergents has not been systematically studied. In this review, we address the solubilization of erythrocytes, which provide a relatively simple, robust and easy to handle biomembrane, and of biomimetic models, to stress the role of the lipid composition on the solubilization process. First, results of a systematic study on the solubilization of human erythrocyte membranes by different series of non-ionic (Triton, CxEy, Brij, Renex, Tween), anionic (bile salts) and zwitterionic (ASB, CHAPS) detergents are shown. Such quantitative approach allowed us to propose R e sat -the effective detergent/lipid molar ratio in the membrane for the onset of hemolysis as a new parameter to classify the solubilization efficiency of detergents. Second, detergent-resistant membranes (DRMs) obtained as a result of the partial solubilization of erythrocytes by TX-100, C 12 E 8 and Brij detergents are examined. DRMs were characterized by their cholesterol, sphingolipid and specific proteins content, as well as lipid packing. Finally, lipid bilayers of tuned lipid composition forming liposomes were used to investigate the solubilization process of membranes of different compositions/phases induced by Triton X-100. Optical microscopy of giant unilamellar vesicles revealed that pure phospholipid membranes are fully solubilized, whereas the presence of cholesterol renders the mixture partially or even fully insoluble, depending on the composition. Additionally, Triton X-100 induced phase separation in raft-like mixtures, and selective solubilization of the fluid phase only.
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Introduction
Detergents, beyond their physiological roles (e.g., pulmonary and tear film surfactants, bile salts in the digestive system), have a wide range of applications in biochemistry, including cell rupture, DNA and protein extraction, protein reconstitution, solubilization of fatty materials, etc (Jones 1999; Seddon et al. 2004; Linke 2009 ). Detergents are amphiphilic molecules and, therefore, are able to intercalate in the membrane, rearrange membrane components, and ultimately extract lipids and proteins into micellar structures. Different mechanisms have been proposed to explain the membrane solubilization process by detergent, but all of them can be explained as a bilayer-to-micelle transition. Membrane solubilization can be described as a three-step process:
(1) intercalation of the detergent in the membrane-at low detergent:lipid molar ratios-until a limiting saturation, R e sat is reached; (2) coexistence between detergentcontaining (mixed) vesicles and lipid-containing (mixed) micelles, since lipids are extracted from the bilayer by already formed micelles; and (3) complete bilayer solubilization (at a particular detergent/lipid ratio, R e sol ), leading to a decrease in particle size, as the detergent concentration increases further (Helenius and Simons 1975; Lasch 1995; Lichtenberg et al. 2000; Le Maire et al. 2000) . Biophysicists are particularly interested in the physicochemical and molecular aspects of detergent-membrane interaction, such as the interplay between bilayer and micellar structure as a function of lipid/detergent molar ratio (e.g., Kragh-Hansen et al. 1998; Heerklotz and Seelig 2000; Preté et al. 2011; Lichtenberg et al. 2013 ).
Because of the complex nature of biomembranes, their solubilization by detergents has not been systematically studied. In this review, we will discuss detergent-membrane interactions based on different approaches. On the one hand, the solubilization of erythrocytes, a relatively simple, robust and easy to handle biological membrane, will be addressed. On the other hand, studies with biomimetic models will be discussed to help clarify the role of lipid composition on the solubilization process.
In the first part of this review, we will address quantitative aspects of the hemolytic effects promoted by detergents from seven different series (Fig. 1) , as well as the structures formed during the bilayer-micelle transition.
However, the solubilization of biological membranes by detergents is not always complete, giving rise to insoluble fragments rich in sphingolipids and cholesterol (Brown and Rose 1992) . Such detergent-resistant (DRM) fractions, due to similarities of composition and characteristics, have been associated with lipid rafts and the liquid-ordered (Lo) phase of model membranes (Sonino and Prinetti 2013) .
Yet, in the fluid mosaic model (Singer and Nicolson 1972) , lipids were viewed as the simple structural components of biological membranes, with minor functional importance. However, the contemporary view of cell membranes includes lateral heterogeneity, which is created by lipids organization into functional domains rich in sphingolipids and cholesterol (Simons and Ikonen 1997; Goñi 2014) . These highly dynamic domains, also called lipid rafts, with sizes in the nanometer order are thought to be involved in membrane phenomena such as signal transduction, parasite infection, and intracellular trafficking of lipids and protein (Simons and Toomre 2000; Simons and Ehehalt 2002; Regen 2002; Kusumi et al. 2011) . The rafts theory appeared in the nineties and became as popular as controversial (Munro 2003; Lichtenberg et al. 2005; Hancock 2006; Levental and Veatch 2016) by the way it addresses the well-known and biophysically-based concept of lipid heterogeneity. Also, the study of rafts in natural biological membranes has been a challenge due to the complexity of the system composition and dynamic characteristic. Despite that, the physicochemical nature of rafts is closely related to those found in DRMs (Brown and Rose 1992; Heerklotz 2002; Sot et al. 2002) . And although DRMs cannot be directly associated with lipid rafts , because they are detergent-and protocol-dependent, they can provide interesting information about the lateral inhomogeneity of membranes. Then, in the second part of this review, the composition and organization of detergent-resistant membrane fractions obtained as result of a partial solubilization of human erythrocyte membranes by TX-100, C 12 E 8 and Brij detergents will be addressed. Different from the literature, such DRMs were obtained not only at low temperature (4°C) but also in physiological condition (37°C).
Finally, considering that the solubilization process of lipid membranes by detergents is largely influenced by the membrane composition and phase, in the last part, we will focus on the effect of Triton X-100 on membranes composed of lipid mixtures of different complexity. Such vesicles of tuned lipid composition provide a very robust biomimetic model to help unravel mechanistic details of intricate processes involving biological membranes. Therefore, the use of detergents as a tool to explore phase separation in both biological and mimetic membranes will be discussed. We hope this review can provide new insights into the understanding of organization and architecture of biological membranes.
Quantitative assessment of biomembranes solubilization
Erythrocytes are good models for studying the interaction between amphiphiles and membranes, and providing information about their partitioning and solubilization effect on lipid and protein components, enzyme activity, etc. The information obtained from the perturbation and disruption of erythrocyte membranes is especially important when the amphiphiles under study have their site of action at the membrane level, as for local anesthetics, phenothiazines and detergents (Schreier et al. 2000) . Hypotonic hemolysis: biphasic (protective vs. lytic) effect of detergents Amphiphiles can stabilize erythrocytes against hypotonic hemolysis at low concentration (Seeman 1966 (Seeman , 1972 Duwe and Sackmann 1990; Hägerstrand and Isomaa 1991) , while at higher concentration (normally at/above their cmc), they solubilize the membrane. The biphasic hemolytic effect is easily observed under hypotonic condition, being directly related to the partition of monomers into the bilayer (Isomaa et al. 1986; Miseta et al. 1995; Malheiros et al. 2000) .
As expected, the length/size of the hydrophobic portion of the detergent plays an important role in membrane interaction, but there is no simple relationship between the protective (or antihemolytic) activity and the alkyl chain length within a detergent series (Hägerstrand and Isomaa 1991; Miseta et al. 1995) . For example, in his earlier studies on hypotonic condition, Seeman has shown that the concentration of lipid-soluble molecules and amphiphiles in the membrane phase for the maximum protection (C prot ) is about the same, irrespective of their different oil/water partition coefficients (Seeman 1972) . However, in series of C 10 -C 16 derivatives of the ionic detergents alkyl sulfates, alkyltrimethylammonium bromides and alkyldimethylammonium propanesulfonates (Isomaa et al. 1986 ) and C 10 -C 16 analogs of non-ionic detergents (octa-ethyleneglycol-alkyl ethers) (Isomaa and Hägerstrand 1988) , all the compounds showed anti-hemolytic effect, as seen by the inorganic phosphate release from human erythrocytes, with lower C prot values for the C 16 analogs and higher concentrations for the shorter chain ones. Figure 2 shows the protective effect (inward curve) induced by detergents from the Tween series ( Fig. 1) and Triton X-100 (TX-100) against hypotonic lysis of human erythrocytes at different hematocrits (Ht), while at higher concentrations, their action is lytic (upward curves). Typically, the maximal protective concentration (C prot ) values are lower than the cmc of the detergents, as for TX-100 (C prot = 0.2 mM; Fig. 2 ) and C 12 E 8 (Isomaa and Hägerstrand 1988) , i.e., membrane stabilization being caused by the monomeric detergent form. However, in the case of Tween detergents, with three polyethylene heads and one single acyl chain (hydrophilic-lipophilic balance, HLB > 15), C prot values are two orders of magnitudes higher than their cmc, ratifying their weak membrane interaction (Fig. 2) . Moreover, the increased hydrophobic character of Tween 80 over Tween 40 and Tween 20 (lower HLB and cmc values; see Table 1 ) was not enough to guarantee a strong partition into the erythrocyte membrane; on the contrary, C prot increased in the order Tween 20 < Tween 40 < Tween 80, in agreement with the decreasing binding constants of these analogs (see Table 1 ). The non-lytic profile of Tween 80 explains its use (but not Tween 20) as the adjuvant of choice for the solubilization of natural products in pharmacy, or lyophilized protein formulations (Passot et al. 2005 and data mining from patient information leaflets), reflecting its low affinity for biomembranes.
As for the Triton series, similar protective effects under hyposmotic condition were observed for TX-45, TX-100, TX-102 and TX-114 (with the same terc-octyl-phenoxy tail), but TX-45, with the shortest polar headgroup (4-5 PEG units), exhibited no hemolysis at all (Tragner and Csordas 1987) .
Studying the bile salts, Hägerstrand and Isomaa (1991) reported that the presence of an OH group in the hydrophobic polycyclic nucleus of cholate (C) determined a considerable decrease in its anti-hemolytic effect in comparison to deoxycholate (DC). In fact, our experiments with a series of bile salts and human erythrocytes at hyposmotic condition confirmed that the C prot ratio between pairs of oxy-deoxy analogs, C/DC (3), GC/GD (7) and TC/TD (2), was always remarkable (unpublished results).
Isosmotic hemolysis and parameters to describe detergent solubilization power
Although hemolytic assays have been widely used to access the cytotoxicity of xenobiotics (Gandhi and Cherian 2000; Youssef et al. 2004) , the lack of a standard agreed methodology is the rule. In 1985, Lichtenberg proposed a quantitative approach to analyze the lipid-bilayer disruption induced by detergents (Lichtenberg 1985) . The approach was further employed to describe detergent-induced hemolysis by the group of Goñi (Partearroyo et al. 1992 (Partearroyo et al. , 1996 Requero et al. 1995) and ours Preté et al. 2002a, b; Domingues et al. 2008) .
First of all, the hemolytic curves at increasing detergent concentrations are determined with at least four different erythrocyte suspensions, as shown in Fig. 3 for Tween 20. The easiest way to monitor erythrocyte membrane disruption is through quantification of the amount of hemoglobin released in the supernatant after incubation of the red cells with the detergents; the data are expressed in percent hemolysis, as previously described (Preté et al. 2002a, b) . Then, the values of C sat and C sol (indicated in Fig. 3a) , denoting the detergent concentration required for membrane saturation (onset of hemolysis) and complete membrane solubilization (100% lysis), are determined for each erythrocyte suspension.
After that, plots of C sat and C sol as a function of membrane lipid concentration (Fig. 3b ) are used to determine the effective detergent/lipid molar ratio, both for the onset (R e sat ) and completion (R e sol ) of hemolysis (Fig. 3d) , as described by Eqs. 1 and 2 (Partearroyo et al. 1992; Requero et al. 1995) :
where D t is the total surfactant concentration at the onset/ complete solubilization (C sat , C sol ) and L refers to the lipid concentration in the membrane . R e values and D w , the free-surfactant concentration in water, were calculated from the slope and y-intercept of the resulting straight lines, respectively. K, the detergent-erythrocyte molar binding constant, can be derived from the values of R e sat and D w sat , according to Eq. (2):
Considering the bilayer-to-micelle transition that occurs during membrane solubilization, R e sat and R e sol set the coexistence limit for mixed-membranes and mixed-micelles, respectively. The R e sat and R e sol values determined from the curves for Tween 20 were 33.4 and 329.1, respectively, while the binding constant (K) to the erythrocytes was 522 M −1 (Fig. 3d) . The R e values higher than unit confirm that Tween 20 is not a stronger solubilizer when compared to other polyoxyethylene ether detergents such as C 12 E 8 of equivalent acyl chain (R e s a t = 0.21) or TX-100 (R e sat = 1.58). Accordingly, the binding constant of Tween 20 is not as high as that of C 12 E 8 and TX-100 (6 000 M −1 ) (Preté et al. 2002a, b) . Table 1 summarizes the quantitative parameters calculated from hemolytic curves such as those in Fig. 3 where K and R e sat values obtained for different detergent series can be seen, including Tween. The smaller the R e sat value found, the higher the detergent capacity to solubilize the erythrocyte membranes. For erythrocyte membranes, the differences in R e sat and R e sol values observed within a homolog series of C x E 8 polyoxyethylene alkyl ethers detergents have been reported (Preté et al. 2002b) , showing that the effective detergent/lipid ratio decreased with the longer hydrocarbon chains analogs. The small R e values reported indicate that the solubilization process is strongly dependent on hydrophobic interactions between the acyl chains of the detergents and the erythrocyte membrane components. Moreover, as for any physicochemical determination, Re values depend on factors such as the composition of the aqueous phase and temperature .
The contribution of the polar head for membrane solubilization is clearly seen in the Brij and Tween series (Table 1) . Brij 97 and Brij 98 have the same (oleic acid) hydrophobic tail but Brij 98 has twice the PEG units of Brij 97 (10), which decreases its membrane binding and Re value. Additionally, taking the data for the Tween series in Table 1 , the R e sat values are considerably higher than those reported for the C X E 8 series (Preté et al. 2002b) , probably reflecting their greater HLB, as discussed before. Nevertheless, the profile of lytic effect and binding constant: Tween 20 > Tween 40 > Tween 80, agreed with the results obtained at hypotonic condition (Fig. 2) , revealing that the misbalance (3 PEG crowns for a single acyl chain) restrain the partition of the polyoxyethylene sorbates into the membrane, determining a weak solubilizing performance even for long-chain analogs.
Data in Table 1 also uncover the correlation between the solubilization and the aggregative (cmc values) properties of the detergents. Although the listed cmc were taken from the literature (for the sake of discussion of the K.cmc parameter proposed by Heerklotz and Seelig 2000, see below) , it is worth noticing that an estimative of the cmc of the detergents can also be obtained from the quantitative hemolytic assays, such as those in Fig. 3 . D w , the concentrations of free detergent in water taken from the intercept of the straight curves (Eq. 1), are related but always smaller than the cmc values (Lichtenberg 1985) , once the membrane lipids offer an additional driving force for detergent aggregation, decreasing the nd not determined a Calculated as described in Griffin (1949) b From the literature (Isomaa and Hägerstrand 1988; Heerklotz and Seelig 2000; Hait and Moulik 2001; Preté et al. 2002b) c Values determined from the hemolytic curves (e.g. Fig. 2) d According to K.cmc parameter (Heerklotz and Seelig 2000) e According to R e sat f Roda et al. 1983 g Campos et al. 2012 concentration for micelle formation (Domingues et al. 2008) . For instance, the D w value found for TX-100 (51 μM, Preté et al. 2002a ) is, as expected, smaller than its cmc (Table 1) . According to Heerklotz and Seelig (2000) , the membrane disruption potency of detergents can be measured by the relationship between their cmc and binding constants, whereby strong detergents (K.cmc <1) are able to solubilize lipid membranes at low detergent-to-lipid molar ratios. For instance, over palmitoyl phosphatidylcholine (POPC) vesicles, TX-100 was found to be a strong (K.cmc = 0.7), while zwitterionic bile-salt analog CHAPS was a weak (K.cmc = 6) detergent. Thus, by applying the K.cmc product (Heerklotz and Seelig 2000) to classify detergents with respect to their membrane disruption potency, all the studied Tweens would be assigned as strong detergents (Table 1 , antepenultimate column), which is certainly not the case.
We here propose that the values of R e sat (Table 1) determined from the quantitative hemolytic experiments provide an alternative parameter for the determination of the strength of the detergents, as follows: R e sat < 1 for weak and R e sat > 1 for strong solubilizers. Table 1 confronts K.cmc versus R e sat classification for 31 detergents from seven different families of non-ionic (alkyl and aryl polyoxyethylene ethers: CxEy/Brij, Triton, Renex and Tween), anionic (bile salts) and zwitterionic (ASB, CHAPS). Re sat values allowed us to confirm the categorization of at least two agents: Lithocholate and Renex 60, to which the K.cmc classification is doubtful since their cmc values have not so far been precisely determined (Schönfeldt 1969; Roda et al. 1983; Campos et al. 2012) . The majority of the detergents achieved the same classification from both parameters (K.cmc and R e sat ), including the non-hemolytic detergents, e.g., UD, GC, TC in Table 1 , plus C 12 E 2 (HLB 6.5) and Renex 230 (Galembeck et al. 1998) , for which the lack of R e sat or K values put them among the weakest membrane solubilizer detergents. However, different classifications were obtained for the Tween series, C 12 E 10 , Brij 57 and 97 and TD, (as pointed out above), probably because of inaccurate cmc values.
Yet the great advantage of using quantitative hemolysis instead of K.cmc is that one single parameter, the effective detergent/lipid ratio in the membrane (R e sat values), is taken in exactly the same experimental condition, avoiding errors related to determination of cmc and binding constants (e.g., methodology, temperature, water phase composition). Then, R e sat values appear as a precise and easy parameter to determine the strength of solubilization of detergents, mainly for those which whose cmc values are extremely low and difficult to determine, not allowing for K compensation, and exposing the limitation of the K.cmc parameter. Of course, R e sat values can change from membrane to membrane (depending on their composition, amount of cholesterol, etc.) as well as the detergent binding constant. But, for a specific membrane, regardless of its complexity (e.g., erythrocyte membranes), R e sat is a useful tool to determine the strength of solubilization of nonionic and ionic detergents.
Among the studied families of detergents, R e sat values smaller than unit were found for Renex analogs of small polar head groups (< 10 PEG units), and all those with acyl chains longer than 12 carbons, reflecting their strong solubilization power. R e sat values higher than 1 were detected for bile salts, CxEy of short acyl chain, Tweens (with a sorbitol ring and 3 PEG crowns), Renex of big polar heads (> 15 PEG) and TX- 100, classifying them as weak solubilizers, also in accordance with the K.cmc parameter (Table 1) .
The quantitative analysis of the erythrocyte lysis provided very interesting results and they encouraged us to try to understand what defines the solubilizing power of a detergent. In the next section, we show results that reveal the different steps of the solubilization process, induced by TX-100. This detergent was chosen because it is a weak solubilizer of erythrocyte membranes at 37°C (Table 1) , but a stronger one for POPC vesicles at room temperature (Heerklotz and Seelig 2000) . In that sense, TX-100 could be considered a mild detergent, i.e. those for which K.cmc and R e sat values are never far from 1.
Measuring the bilayer/micelle transition during detergent-induced hemolysis
Among the spectroscopic techniques used in the study of detergent-membrane interactions, electron paramagnetic resonance (EPR) has been one of the most important, since one can monitor molecular order and dynamics in both bilayers and micelles (Preté et al. 2011) . EPR spectra taken from such membrane systems-doped with spin labels-are sensitive to changes in molecular organization caused by the partitioning of amphiphiles, phase separation, bilayer/micelle transition, etc. For instance, detergent incorporation into erythrocytes decreases the molecular order and increases the mobility of the phospholipid hydrocarbon chains (Galembeck et al. 1998; Preté et al. 2011; Rodi et al. 2006 Rodi et al. , 2014 and induces phase separation (Crepaldi Domingues et al. 2009; Domingues et al. 2010; Preté et al. 2011; Rodi et al. 2006 Rodi et al. , 2014 Casadei et al. 2014a ).
Using 5-doxyl stearic acid spin label (5-SASL), we conducted some EPR experiments with the attempt to unravel the events involved in the membrane solubilization process induced by detergents. First, EPR has been used to determine the order parameter of TX-100 micelles (S = 0.46). Then, the hemolytic effect of Triton X-100-followed either by inorganic phosphate or Hb release-was determined at high lipid contents (Ht 10-50%), and C sat and C sol values were found in the range of 0.5-0.9 mM TX-100 (Preté et al. 2011) . Finally, EPR spectra of whole blood, supernatant and pellet fractions of the hemolytic experiment were obtained, revealing important details of the hemolytic effect: (1) the order parameter of erythrocyte membranes (S = 0.710) slightly decreased at TX-100 concentrations higher than C sat , and an anisotropic spectrum was detected in the supernatant, which S values were comparable to those of erythrocyte membranes; (2) at TX-100 concentrations higher than C sol the S values in the supernatant steadily decreased, and (3) they reach micelle-like values (S < 0.5) at excess (10 times C sol ) TX-100. Figure 4 shows the EPR results combined with the hemoglobin release from erythrocytes.
The results prove that a bilayer to micelle transition characterizes erythrocyte membrane solubilization by TX-100: pure membrane is replaced by mixed-membrane (above C sat ), while mixed-micelle (above C sol ) converges to (almost pure) micelle at higher (10 times C sol ) TX-100 concentrations. Such transition is in accordance with the solubilization effect of TX-100 on model phospholipid membranes (Ruiz et al. 1988) as well as with the phase-boundary model proposed by Lichtenberg (Lichtenberg et al. 2000) .
Figure 4 also shows that hemoglobin release and membrane order (S values) do not display a parallel behavior, since, at concentrations where hemolysis is almost complete (0.9 mM), S values are still high. We have proposed that hemoglobin is released from erythrocytes through pores created by the partition of TX-100 (Preté et al. 2011) . Likewise, Gennaro and colleagues. have also reported that hemoglobin release and solubilization of phospholipids/cholesterol evoked by TX-100 were processes not directly correlated, once hemoglobin release preceded solubilization. They confirmed our hypothesis that hemoglobin is released from erythrocytes through holes created by the partition and fast segregation of TX-100 to cholesterol poor (liquid disordered, Ld) regions of the membrane, while most of the lipids remained insoluble (Rodi et al. 2014 ). Those authors have found different results with the zwitterionic and weak solubilizer CHAPS, to which hemoglobin release and lipid solubilization occurred at the same detergent concentration range.
Detergent-resistant erythrocyte membranes
The partial membrane solubilization promoted by mild detergents such as TX-100 has been extensively used to obtain the so-called detergent-resistant membranes (DRMs). Besides helping to understand details on the detergent-lipid interaction that determine solubilization, the isolation of detergentinsoluble membrane fractions is also a valuable approach to study the lateral order of biological membranes. Moreover, since DRMs exhibit remarkable features, such as enrichment in cholesterol and sphingolipids and high membrane lipid order, they might reflect to some extent the properties of rafts in living cells (Sonino and Prinetti 2013) .
Different protocols have been suggested to isolate DRMs, and therefore these membrane fractions can present different lipid and protein compositions depending on the conditions and, particularly, on the detergent used (Heerklotz 2002; Lichtenberg et al. 2005) . Considering that DRMs are not identical to membrane microdomains (rafts), the composition of these structures must be careful analyzed according to each cell membrane and protocol of isolation. Interestingly, a study conducted on a model membrane composed of POPC, egg sphingomyelin (SM) and cholesterol (chol) (1:1:1) showed that TX-100 promotes coalescence of preexisting nanodomains (Pathak and London 2011) . The latter results contradict the idea that detergent induces the formation of domains by remodeling the plasma membrane. Therefore, a complete understanding of the action of detergents upon cell membrane is still a matter of debate.
Despite the fact that lipid rafts and DRMs have been intensively discussed in the literature, there is a lack of studies reporting these structures on erythrocyte membrane. Although details of composition and structure of erythrocyte membrane have been described in detail (Yawata 2003) , the lateral inhomogeneities and corresponding function in this cell type remain elusive. The resistance of erythrocyte membrane to nonionic detergents was actually first reported in the 1970s (Yu et al. 1973; Steck 1974; Sheetz 1979) , even before the concept of lipid rafts had been introduced (Simons and van Meer 1988; Simons and Ikonen 1997; Brown and London 1998) . In the past decades, only a few DRM studies have been conducted on erythrocytes, in comparison to several studies on other cell types. Most of these studies were based on the protocol reported by Brown and Rose (1992) . Therefore, partial solubilization of erythrocyte membranes has been mostly conducted by treating the membrane with TX-100 at 4°C without major care (Salzer and Prohaska 2001; Samuel et al. 2001; Rivas and Gennaro 2003; Koumanov et al. 2005; Kamata et al. 2008) . Differently, Ciana et al. (2005 Ciana et al. ( , 2011 Ciana et al. ( , 2014 have reported the necessity of a special protocol, including leukodepletion and the use of specific protease inhibitors in addition to sodium carbonate, as crucial steps to isolate DRMs from erythrocytes (as light density fractions in sucrose gradients). For detailed information regarding the historical aspects involving DRMs in erythrocyte, see a comprehensive review recently published by Ciana et al. (2014) .
Our group has explored the use of TX-100 to study DRMs from erythrocytes in different conditions, as described below. Since TX-100 is the most traditional detergent used to solubilize cell membranes, we have also investigated the structure and properties of DRMs obtained by treating erythrocytes with other nonionic detergents: C 12 E 8 , which has similar binding constant to erythrocyte membranes as TX-100 ( Domingues et al. 2010; Casadei et al. 2014b ). All detergents were used above their cmc and at 16 mM (equivalent to 1% w/v TX-100), and DRMs were isolated as a floating fraction in a non-linear sucrose density gradient at the 5-30% sucrose interface (Fig. 5) . Furthermore, the crucial steps described above (Ciana et al. 2005 (Ciana et al. , 2011 were followed irrespective of the detergent used, to minimize and avoid artifacts. In our hands, sodium carbonate was always necessary to obtain light density DRMs in sucrose gradient. This fact, therefore, corroborates the hypothesis of existence of electrostatic interactions between DRMs and membrane-skeleton, the disruption of which is facilitated by carbonate (Crepaldi Domingues 2009; Domingues et al. 2010; Casadei et al. 2014b ). However, the components responsible for this association (i.e. pH and ionic strength dependent) remain unclear.
Order parameter of membrane lipids resistant to detergents
The erythrocyte membranes as well as other plasma membranes exhibit a complex mixture of lipids and, as a result, distinct coexisting phases. The Ld phase is formed mostly by unsaturated phospholipids, while the Lo phase is enriched in saturated lipids and cholesterol (Ipsen et al. 1987; Veatch and Keller 2003) . Therefore, raft-like domains formed by the favorable association between (glyco)sphingolipids and cholesterol are in the Lo phase. TX-100-DRMs isolated from erythrocytes were also described as structures enriched in cholesterol (54-57% of total lipids) and sphingomyelin (45% in mass, related to phosphatidylcholine and phosphatidylethanolamine) (Crepaldi Domingues et al. 2009; Casadei et al. 2014b ). Interestingly, our EPR results with the use of doxylstearate probes (5-and 16-SASL) showed that these erythrocytes membrane fractions (TX-100-DRMs) are less fluid than the intact membrane and, consequently, the acyl chain packing is compatible with the Lo domains (Crepaldi Domingues et al. 2009 ). Curiously, when cholesterol-depleted erythrocytes were incubated with TX-100, the obtained DRMs were even less fluid (higher S values, determined with 5-SASL probe) than the corresponding DRMs isolated from intact erythrocytes at 4°C. These results indicate that the increased SM/ cholesterol ratio favors the lipid packing, leading to a more organized structure.
In contrast to the traditional protocols used to isolate DRMs, we showed for the first time that temperature might not be as critical as previously reported for other cell types. Detergent-resistant membrane fractions were obtained by treating erythrocytes with TX-100 at physiological temperature (37°C) (Domingues et al. 2010) (Fig. 5) . Moreover, the cholesterol content and acyl chain packing measured for DRMs obtained at 37°C were very similar to those obtained at 4°C (see Fig. 5 ). These results confirm that DRMs can be obtained in a Lo-like phase, not only at low temperature but also at physiological temperature.
DRMs obtained with C 12 E 8 displayed comparable results to those described above for TX-100-DRMs, at both 4°C and 37°C (Domingues et al. 2010 ). The increased order parameter measured from the 5-SASL spectra in DRMs confirmed the existence of a Lo-like phase, enriched in cholesterol. Although cholesterol may have a key role to keep the stability of DRMs, high lipid packing can still be obtained after cholesterol depletion, probably because of sphingolipids (i.e. sphingomyelin) enrichment. Despite the reports saying that sphingomyelin is more easily solubilized than phosphatidylcholine (Helenius and Simons 1975; Sot et al. 2002) and that self-aggregation of sphingolipids is not favorable (Uragami et al. 2001; Maggio et al. 2006 ), TX-100-DRMs obtained from intact erythrocytes are enriched in sphingomyelin (Casadei et al. 2014b ). Curiously, Brij 98-and Brij 58-DRMs were also enriched in cholesterol but they did not show increased order parameters, as observed for TX-100 and -C 1 2 E 8 DR Ms. Brij-DRMs were not enriched in sphingomyelin and exhibited a phospholipid composition very similar to that observed in erythrocyte membrane ghosts (Casadei et al. 2014b ). Therefore, it seems that lipids from the outer leaflet such as sphingomyelin, associated with cholesterol (TX-100 insoluble fraction) play a pivot role in the formation of the Lo phase. Considering that Lo microdomains do exist in cell membranes and that they are detergent-resistant, it would be reasonable to think that DRMs are formed by those domains. However, our experiments with erythrocyte membrane and different detergents showed that the structures and properties of DRMs might not reflect the structures preexisting in the cell membrane.
DRMs-associated proteins
An ordered lipid environment (i.e. cholesterol-and sphingolipids-enriched domains) can be crucial for the activity of certain membrane proteins. Therefore, protein-lipid interactions play an important role for the activity of membrane domains. Particularly for erythrocytes, the existence of a connection between their complex membrane-skeleton and membrane domains might be important for the biomechanical properties (i.e. deformability) and other cell functions. DRMs. Statistical differences for S values between all DRMs and their corresponding controls (intact cells) were observed: *P < 0.001, unpaired Students's t test; n = 8-10 for intact erythrocytes, n = 4-5 for cholesteroldepleted erythrocytes, n = 3-5 for DRMs. S values were extracted from Domingues et al. (2010) in which details are discussed New insights into these Lo-like phase membrane structures (DRMs) and their association with membrane-skeleton arises from studies of DRMs obtained from erythrocyte suspension not subjected to a previous purification step (contaminated by neutrophils) and in the absence of carbonate (Ciana et al. 2011) . In that scenario, a direct interaction between spectrin and membrane-rafts was proposed and phosphatidylserine would be the candidate to play a role as an anchor (Ciana et al. 2011; Ciana et al. 2014) .
We have shown that lipid raft markers such as flotillin-2 and stomatin are present in TX-100-DRMs, but they are partially solubilized in DRMs obtained at 37°C (Domingues et al. 2010) . Also, membrane-skeleton proteins were found only in the soluble fractions. These results indicate that, at physiological temperature, these proteins are less resistant to TX-100, in contrast to that observed for cholesterol. Moreover, the reduction of flotillin-2 detected when DRMs were isolated from cholesterol-depleted erythrocytes suggests an association between this protein and cholesterol-enriched membrane domains.
As for DRMs prepared with Brij detergents, the temperature of the solubilization process did not affect flotillin-2 and stomatin content (Casadei et al. 2014b ). Interestingly, band 3 (the most abundant integral protein of the erythrocytes and barely detected in TX-100-DRMs) was remarkably present in Brij-DRMs obtained at 4°C and partially reduced in BrijDRMs obtained at 37°C (Ciana et al. 2005; Domingues et al. 2010) . These results clearly demonstrate that not only detergent but also temperature and lipid packing affect the distribution and preference of proteins to such domains.
Considering the intrinsic structure and physicochemical properties of each detergent, one can expect different interactions with a particular membrane. As we have previously reported, TX-100 and Brij detergents disrupt the erythrocyte membrane in diverse ways (Casadei et al. 2014b) . TX-100 is known to preferentially solubilize phospholipids from the inner leaflet of the cell membrane (Ingelmo-Torres et al. 2009; Koumanov et al. 2005; Lichtenberg et al. 2005) while Brij detergents are not as selective as TX-100 (Schuck et al. 2003) . Rodi et al. (2014) have also demonstrated that TX-100 incorporates and solubilize lipid components from the erythrocyte membranes in a different way compared with CHAPS (a zwitterionic detergent). Those results also indicate that TX-100 is able to flip to the inner leaflet and incorporate in poor cholesterol regions of the membrane, while CHAPS probably due to its charges is prevented from flip-flop and thus acts on the surface of the erythrocyte membrane (Rodi et al. 2014) . Given that Brij detergents do not selectively solubilize components from the inner and outer leaflets, Brij-DRMs can reflect important aspects regarding membrane domains. It can be speculated that band 3 plays a role in the structure of those microdomains and should be considered as a candidate involved in the association of membrane domains (i.e. rafts) and membrane-skeleton. Altogether, the data described above indicate that partial and differential detergent solubilization of the erythrocyte membrane can provide a powerful tool to explore the multiple levels of lateral order existing in biological membranes. Since TX-100 produced resistant membranes with raft-like features, such as high cholesterol/protein ratio and raft-marker proteins (flotillin-2 and stomatin), we have investigated its association with model membranes that mimic the erythrocyte membrane composition.
Using biomimetic model systems to understand the membrane solubilization process by TX-100
Biological membranes are inherently complex and highly dynamic. Lipid vesicles with tuned lipid composition provide a very robust biomimetic model that allows the understanding of the mechanistic details of intricate processes involving biological membranes. In particular, the solubilization of lipid vesicles by detergents has been extensively studied in recent decades (Partearroyo et al. 1996; Patra et al. 1998; Heerklotz and Seelig 2000; Sot et al. 2002; Heerklotz 2008; Ahyayauch et al. 2010; Lichtenberg et al. 2013) , mainly using large unilamellar vesicles (LUVs). Among the detergents studied, TX-100 has attracted special attention because of its ubiquitous use in solubilization protocols (Hjelmeland 1990 ). The solubilization of membranes by TX-100 has been shown to be highly dependent on the lipid bilayer composition (Sot et al. 2002; Heerklotz 2002; Heerklotz et al. 2003; Tsamaloukas et al. 2006; Arnulphi et al. 2007; Ahyayauch et al. 2012) . Especially, the presence of cholesterol has a great impact on the membrane resistance to effective and complete solubilization (Patra et al. 1999; Li et al. 2001; Schnitzer et al. 2005; El Kirat and Morandat 2007; Ahyayauch et al. 2009 ).
More recently, optical microscopy of giant unilamellar vesicles (GUVs), which are cell-sized lipid vesicles, started contributing significantly to this field (Nomura et al. 2001; Sudbrack et al. 2011) . GUVs can be individually observed and tracked in time in the presence of detergents, revealing important aspects of the interaction between detergents and membranes, such as morphological effects, that remain hidden in bulk experiments performed on a large population of small vesicles. We have used this approach, in combination with conventional studies with LUVs, to investigate the effects of TX-100 on membranes of different lipid compositions mimicking compositions/phases that are biologically relevant. Compositions of up to three types of lipids found in abundance in the external leaflet of erythrocyte membranes were used: POPC, SM and chol. The phospholipid POPC has one unsaturated tail and is therefore in the Ld phase at room temperature, whereas egg SM comprises a high fraction of 16-carbon saturated chains and it is found in the gel phase at room temperature. Depending on the fraction of cholesterol in binary mixtures with these phospholipids, the Lo phase can be reached. Interestingly, ternary raft-like mixtures, such as POPC/SM/chol, can exhibit Ld/Lo phase coexistence depending on composition and temperature (Veatch and Keller 2003; Baumgart et al. 2003) . Raft-like ternary mixtures have been widely used to investigate phase coexistence in model systems and to help elucidate the formation of membrane rafts (Almeida et al. 2003; Veatch and Keller 2005; Heberle et al. 2013) . The results presented here will be divided into two sets of compositions: First, the solubilization of pure POPC, pure SM and mixtures of these phospholipids with 30 mol% cholesterol will be compared and discussed. Then, results obtained with a complex biological membrane (erythrocyte) extract and biomimetic ternary mixtures of POPC/SM/chol will be shown.
Solubilization of binary lipid mixtures containing cholesterol
The action of TX-100 on membranes can be nicely followed with optical microscopy of GUVs (Mattei et al. 2015) . Figure 6a shows representative image sequences of individual GUVs of POPC, SM, POPC/chol 7:3 and SM/chol 7:3, subjected to injection of TX-100 through a glass micropipette, at room temperature. The experiments were performed with phase contrast microscopy and the GUVs were prepared with an asymmetry in the sugar distribution (0.2 M sucrose inside/ 0.2 M glucose outside). Because of the different refractive index of the two sugar solutions, the GUVs exhibit a high optical contrast. The concentration of TX-100 loaded in the micropipette was around 1-5 mM, thus sufficiently above its cmc (0.25 mM; see Table 1 ). In this way, the whole solubilization process could be followed in single GUVs. The images in the first row show a POPC GUV (Ld phase) during its solubilization process. The first effect caused by TX-100 is a substantial increase in the vesicle surface area (90 s), which clearly shows that TX-100 is first incorporated in the external leaflet, but rapidly equilibrates between the two layers. The onset of solubilization is then reached (270 s), the optical contrast is lost, a large hole opens and eventually the membrane is completely solubilized (300 s) into submicroscopic micellar structures. During the solubilization, extensive formation of macroscopic pores was detected (Sudbrack et al. 2011) . A similar course of events was observed for GUVs of POPC/chol, most probably in the Ld phase, as exemplified with a sequence in the second row of Fig. 6a . The area increase here also resulted in the expulsion of several buds (14 s). Importantly, solubilization was not complete, as insoluble membrane fragments remained (45 s). The solubilization of SM GUVs (gel phase) was complete, as shown in the sequence in the third row of Fig.  6a . No clear increase in vesicle surface area was detected initially (2 s), but it should be noted that membranes in the gel phase exhibit high resistance to shearing, and thus local area increase would most probably cause local deformations, which were observed in some GUVs. Very differently from the other compositions, GUVs of SM/chol 7:3, in the Lo phase, were virtually resistant to TX-100 (see image sequence in the fourth row of Fig. 6a ). The only detectable effect was increased membrane permeability in several GUVs, which resulted in loss of the high optical contrast due to equilibration of the sugar solutions (last image, obtained from another SM/chol GUV). Fig. 6 a Time sequences of phase contrast microscopy images of GUVs during injection of 5 mM TX-100 through a glass micropipette. The timestamps are relative to the moment when the micropipette was brought close to each vesicle. Scale bars 10 μm. b Quantification of the area increase due to TX-100 incorporation. The image shows a POPC/chol GUV before (left) and at the maximum prolate deformation (right) after the TX-100 diffused through the chamber and reached the vesicle. The GUV is subjected to an AC field (200 V/cm; 200 kHz) throughout the whole experiment. The prolate semi-axes a and b are shown. The GUV contained 0.2 mM NaCl inside to ensure that the conductivity inside the vesicle was higher than outside, and therefore the AC field would cause a prolate deformation (Aranda et al. 2008) . The table shows the maximum area increase ΔA/A o (measured directly from a/b for 20-50 vesicles/system), the TX-100 to lipid molar ratio at the saturating condition R e sat and the binding constant K. The details are discussed in Mattei et al. (2015) . Figure adapted from Mattei et al. (2015) The experiments with micropipette injection allow following individual GUVs throughout the whole solubilization process, including before contact with TX-100. However, the effective detergent concentration reaching the vesicle along the process cannot be determined. This was done in another setup, in which GUVs were added to increasing concentrations of TX-100 and observed right after (Mattei et al. 2015) . Such experiments showed that GUVs of POPC and POPC/ chol became permeable and gained area at 0.3 mM TX-100 and were solubilized at 0.4 mM, thus in a concentration range close to the cmc of TX-100. This was expected based on the very low lipid concentration of GUVs (~1-10 μM). For SM GUVs, permeabilization occurred at 0.2 mM TX-100 and solubilization at 0.3 mM. The detergent-induced permeabilization will be discussed below.
The increase in vesicle surface area below the onset of solubilization shown in Fig. 6a is directly related to the amount of TX-100 molecules that are incorporated into the membrane. Therefore, if the increase in surface area can be quantified, and knowing the molecular area of each membrane component, the saturating TX-100 to lipid molar ratio at the onset of solubilization (R e sat ) can be directly extracted from the microscopy data. To that purpose, a different experimental setup was used. GUVs were placed in a special chamber with two electrodes and addition of TX-100 was carried out in the presence of an AC field (Mattei et al. 2015) , which is known to induce prolate deformation in GUVs with excess area (Aranda et al. 2008; Riske et al. 2009 ). The extent of deformation, quantified though the ratio between the two semi-axes a/b (see Fig. 6b ), can be directly used to measure the relative increase in area (ΔA/A o ) from simple geometrical relations (see details in Riske et al. 2009; Mattei et al. 2015) . Initially spherical or quasi-spherical GUVs were chosen and an aliquot of concentrated TX-100 was added to the chamber. After diffusion, TX-100 reached the GUVs in the presence of the AC field and substantial prolate deformation was observed as TX-100 was incorporated in the membrane (see Fig. 6b ). Eventually, the onset of solubilization was reached. The maximum a/b attained was measured for several GUVs composed of POPC, POPC/chol and SM/chol; this procedure could not be carried out for gel phase vesicles because they do not deform in the same way. The maximum area increase ΔA/A o is listed in the table shown in Fig. 6b . Clearly, incorporation of TX-100 is substantial in the POPC membrane, decreases when cholesterol is added and becomes negligible in vesicles of SM/chol (Lo phase). The area increase can be translated into R e sat (maximum TX-100/lipid ratio in the membrane) by using the known molecular areas of the membrane constituents in each case (see details in Mattei et al. 2015) . The values extracted are shown in the table in Fig. 6b , and the values agree with results previously obtained from other techniques (de la Maza and Parra 1994; Partearroyo et al. 1996; Heerklotz 2002; Sudbrack et al. 2011) . From a simple partition model, in which R e sat = K.Dw (Heerklotz and Seelig 2000) , and assuming that the concentration of free TX-100 at the onset of solubilization is Dw = 0.4 mM, the binding constant K could be obtained for POPC and POPC/chol, as listed in Fig. 6b . The results are similar to values obtained from isothermal titration calorimetry experiments (Tsamaloukas et al. 2006; Caritá et al. 2017) . It is clear from the data that cholesterol significantly reduces the partition of TX-100 into the bilayer, and only a small amount of TX-100 is able to insert into the Lo phase. TX-100 was shown to induce membrane permeabilization below the onset of solubilization (see Fig. 6a ; Ahyayauch et al. 2010; Mattei et al. 2015) . To study that in detail, we used a fluorescence-based assay to quantify the leakage induced by TX-100 on LUVs of the same compositions explored in Fig.  6a . The LUVs were prepared in a solution containing the aqueous soluble fluorescent dye pyrenetetrasulphonic acid (PTS) and were then diluted in a solution containing increasing concentrations of TX-100 and methyl viologen (MV), a fluorescence quencher. Membrane permeabilization by TX-100 was detected by a decrease in the fluorescence intensity of the initially encapsulated PTS, since the fluorescence of the external PTS was quenched by MV. To correlate the extent of permeabilization with the process of solubilization, the light scattering of the same samples was measured after the fluorescence intensity kinetic runs. Sample turbidity or light scattering are among the most used methods to assess the solubilization profile of lipid vesicles by detergents, because turbidity/light scattering decreases as lipid vesicles get solubilized into micellar structures (de la Maza and Parra 1994; Partearroyo et al. 1996; Lichtenberg et al. 2013) . Figure 7a shows the results of the permeabilization (red circles) and solubilization (black squares) profiles for the different compositions. The data are depicted as fluorescence and light scattering percentage values relative to the values measured for the dispersion of LUVs before contact with TX-100. The results show that POPC, POPC/chol and SM become completely permeable (0% fluorescence intensity) below the onset of solubilization, which is detected when sample light scattering starts to decrease. POPC and SM are completely solubilized by TX-100, although more TX-100 is required to fully solubilize the Ld phase, as reported previously (Ahyayauch et al. 2012) . On the other hand, the solubilization of POPC/chol is not complete, as seen from the residual light scattering value (~20%) at high detergent concentration. SM/chol vesicles exhibit a very mild permeabilization and are virtually insoluble. Importantly, the onsets of permeabilization and solubilization occur at the same TX-100 concentrations for LUVs and GUVs of the same composition, and these concentrations are all close to the cmc. This was expected since the lipid concentrations used in both experiments were low.
To further explore membrane permeabilization, confocal microscopy experiments were performed with GUVs of the same lipid compositions dispersed in a medium containing two fluorescent dyes of different sizes: sulforhodamine B (SRB; 0.6 kDa and ca. 1 nm size) and cascade blue -Dextran (CB; 10 kDa and ca. 4 nm size) . Figure 7b shows a sequence of images of a POPC GUV experiencing a flux of TX-100 detected with both channels (red for SRB and blue for CB). Clearly, permeabilization occurs in at least two sequential events: First, the membrane becomes selectively permeable to SRB, showing that the pores opened are smaller than 4 nm. Later on, the pores grow and/or coalesce allowing the passage of CB, and after that, visible macropores open and the solubilization ensues. The same chain of events was observed for POPC/chol. For gel phase SM, both dyes entered simultaneously, indicating that most probably cracks of irregular shape opened. Very differently, vesicles of SM/chol exhibited gradual entrance of both dyes, and no well-defined permeabilization event was triggered by TX-100.
Solubilization of raft-like mixtures
In order to investigate the effects of TX-100 on biomimetic models of compositions better representing real membranes, GUVs of the lipid extract of erythrocyte membranes (erythroGUVs) were prepared and exposed to TX-100 (Casadei et al. 2014a) . These experiments were performed with fluorescence microscopy and the GUVs contained traces of the fluorescent probe Rh-DPPE, which is known to preferentially partition into the Ld phase (Baumgart et al. 2003; Bagatolli 2003) . Figure 8 shows representative images of erythro-GUVs dispersed in solutions containing TX-100 below (0.2 mM) and above (0.4 mM) its cmc. The erythro-GUVs exhibited a homogeneous fluorescence in the absence of TX-100 (see first snapshot in the first row), showing that no macroscopic (i.e. above the optical resolution limit of~0.3 μm) phase separation occurred in this system. However, after contact with TX-100, domains enriched in the fluorescent probe, thus in the Ld phase, appeared (50 s; the vesicle pole is in focus). The domains formed were round and could freely diffuse and coalesce (50-205 s), indicating that the non-fluorescent matrix was also liquid, and therefore in the Lo phase. When the erythro-GUVs were dispersed in 0.4 mM TX-100 (above its cmc), macroscopic Lo/Ld phase separation was readily induced by TX-100 (16 s, in the second row) and coalesced (50 s). Then, the Ld domains were extracted (69 s) and completely solubilized, leaving an insoluble smaller Lo vesicle (91 s).
The insoluble surface area fraction can be easily quantified from the vesicle diameter before (D before ) and after (D after ) contact with TX-100 above its cmc as X insol = (D after / D before ) 2 . This was carried out by exposing several erythroGUVs to a flux of 5 mM TX-100, from a micropipette. The results are given in Table 2 and show that roughly 2/3 of the initial vesicle surface area is insoluble to TX-100 at room temperature.
Based on the lipid distribution from the lipid extract of erythrocyte membranes (Leidl et al. 2008 ), a simple biomimetic ternary lipid composition was chosen, namely 2:1:2 POPC/SM/chol. GUVs of that composition were grown and exposed to micropipette injection of 5 mM TX-100 (Casadei et al. 2014a) . Interestingly, the same qualitative and quantitative behavior was observed: The GUVs were initially homogenous, exhibited macroscopic Lo/Ld phase separation after contact with TX-100 and the Ld domains were selectively solubilized, leaving around 2/3 of the initial vesicle surface area insoluble to TX-100 (see results in Table 2 ). If we assume that mainly POPC is selectively solubilized, and knowing the molecular area occupied by each component (see details in Casadei et al. 2014a) , then the expected insoluble vesicle should be composed of 0.8:1:2 POPC/SM/ chol. In fact, GUVs of that composition were exposed to TX-100 and were virtually insoluble (see Table 2 ). Therefore, this composition is a good biomimetic model for DRMs at room temperature.
The experiments above were conducted at room temperature. As the temperature increases, the Lo/Ld fractions are expected to change, and, ultimately, above the miscibility temperature phase coexistence should disappear Keller 2003, 2005) . To explore a physiological temperature, erythro-GUVs and GUVs of 2:1:2 POPC/SM/chol were subjected to injection of 5 mM TX-100 at 37°C. The same chain of events was observed, namely macroscopic Lo/Ld phase separation and selective solubilization of the Ld phase. However, the relative Lo/Ld ratio decreased, and consequently the insoluble fraction detected at 37°C also decreased, as expected, and roughly half of the initial vesicle surface area, of both compositions, was insoluble to TX-100 (see Table 2 ).
The relative Lo/Ld fraction and the extent of solubilization induced by TX-100 were shown to be dependent on the relative proportion of the constituent lipids (Casadei et al. 2014a) . To explore the raft-like ternary (Caritá et al. 2017) . To that purpose, three fixed concentrations of cholesterol were chosen (20, 30 and 40 mol%) and the proportions of POPC and SM in the mixture were varied at intervals of 10 mol%. First, GUVs of those compositions were exposed to TX-100 below its cmc to determine which compositions exhibited macroscopic Lo/Ld phase separation in the absence and in the presence of TX-100, which enabled the construction of phase diagrams of the POPC/SM/chol mixtures, at room temperature. Then, the GUVs were exposed to a flux of TX-100 with a micropipette to quantify the extent of the insoluble fraction, X insol , in the same way as described above. The results obtained are summarized in Fig. 9 in a combined phase-solubility diagram. The symbols indicate the phase diagram. Filled circles show the compositions that exhibited Lo/Ld phase separation, even in the absence of TX-100. The region is very limited, as reported by other groups (Veatch and Keller 2005) , and only some of the GUVs were found with domains.
Open circles indicate that the compositions for which Lo/Ld phase separation was promoted by TX-100. These represent the majority of the compositions explored. The images below the diagram show representative images of GUVs with 20 mol% cholesterol and with varying proportions of POPC/SM. At high POPC fraction, the Ld fraction dominates and (dark) Lo domains are detected. As SM replaces POPC the relative Lo/Ld proportion increases, and eventually the Lo phase becomes the matrix and (bright) domains are seen. Only two compositions explored (shown as squares) did not exhibit phase separation irrespective of the presence of TX-100. In fact, such compositions, rich in SM and cholesterol, are probably in the Lo phase. If the phase diagrams in the presence and absence of TX-100 are compared with phase diagrams obtained with similar compositions, it becomes clear that the diagram obtained without TX-100, which shows a very limited region with detectable phase separation, coincides with a diagram obtained by optical microscopy. On the other hand, the phase diagram exhibiting an extensive region of macroscopic phase separation in the presence of TX-100 is similar to diagrams obtained with techniques that can detect nanoscopic domains (Almeida et al. 2003 (Almeida et al. , 2005 Halling et al. 2008) . It is therefore realistic to propose that the main effect of TX-100 is to induce the coalescence of sub-microscopic domains, which can then be detected. This has in fact been previously proposed by others (Giocondi et al. 2000; Pathak and London 2011) .
The solubilization extent was quantified for all compositions and X insol is shown as a color contour map in Fig. 9 . The compositions in the POPC-rich corner are almost completely solubilized by TX-100, whereas they become increasingly resistant as the fraction of SM and cholesterol in the mixture increases, until virtually insoluble mixtures are detected in the opposite corner. 
Concluding remarks
In this review, complementary aspects of the solubilization process of membranes with different complexity were investigated and discussed using a wide range of experimental approaches. On the one hand, human erythrocyte membrane, in its intrinsic complexity, was totally or partially solubilized by different series of detergents, which were classified by the strength of their hemolytic action. EPR experiments allowed characterization of the prevalent structures (pure and mixed membranes/micelles) formed in the different stages of membrane solubilization process by TX-100 and detergentresistant membranes obtained from erythrocytes at 4 and 37°C were characterized. On the other hand, biomimetic models of tuned lipid composition in the presence of the ubiquitous detergent TX-100 were investigated in detail. It was shown that the lipid composition and phase state are crucial to the solubilization process. Pure phospholipid membranes were completely solubilized by TX-100, whereas the presence of cholesterol rendered the mixture partially or completely insoluble (when the Lo phase was reached). Of great biological relevance, TX-100 induced macroscopic Ld/Lo phase separation in raft-like mixtures and was able to solubilize the Ld fraction only. Therefore, the membrane domains can be induced by TX-100 since lipids are reassembled during the action of the detergent upon the bilayer.
The results discussed here represent the main outcomes of the studies performed in the groups of Dr. de Paula and Dr. Riske, who worked in complementary aspects of the same problem and, more recently, combined their skills to study the physical chemical aspects underlying the solubilization process of complex biomembranes. 
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